ABSTRACT Cloned tRNA genes from Drosophila and from yeast have been transcribed faithfully in extracts prepared from Xenopus germinal vesicles. The newly formed RNA is composed of precursor tRNAs (of 5S RNA size and of tRNAs. The plasmid pCIT12 carries genes for Drosophila tRNALYS, tRNAg, and tRNA1sn. Nucleotide analysis of one RNA species transcribed from pCIT12 DNA showed it to be identical to Drosophila tRNALYS; it even contained some of the modified nucleotides expected for this tRNA. This RNA species is formed in the germinal vesicle extract via a larger precursor tRNA molecule that does not contain nucleotide modifications. This simple transcription system should aid studies aimed at defining the regulatory DNA regions responsible for eukaryotic gene transcription. In addition, it may provide tRNA precursors that are neeiled for detailed investigations of eukaryotic tRNA biosynthesis. Our understanding of the process of RNA biosynthesis in eukaryotic cells and of its regulation is limited (1), due in part to the lack of recognized mutants affecting tRNA biosynthesis, even in genetically well-studied eukaryotic organisms such as yeast and Drosophila. The development of techniques for molecular cloning of DNA (reviewed in ref.
tRNA1sn. Nucleotide analysis of one RNA species transcribed from pCIT12 DNA showed it to be identical to Drosophila tRNALYS; it even contained some of the modified nucleotides expected for this tRNA. This RNA species is formed in the germinal vesicle extract via a larger precursor tRNA molecule that does not contain nucleotide modifications. This simple transcription system should aid studies aimed at defining the regulatory DNA regions responsible for eukaryotic gene transcription. In addition, it may provide tRNA precursors that are neeiled for detailed investigations of eukaryotic tRNA biosynthesis. Our understanding of the process of RNA biosynthesis in eukaryotic cells and of its regulation is limited (1) , due in part to the lack of recognized mutants affecting tRNA biosynthesis, even in genetically well-studied eukaryotic organisms such as yeast and Drosophila. The development of techniques for molecular cloning of DNA (reviewed in ref. 2 ) and for rapid determination of nucleotide sequences (3) (4) (5) has given some insight into the organization of tRNA genes in the genome (6) and allowed elucidation of the actual DNA sequence of some tRNA genes (7, 8) . However, these findings have not provided an experimental strategy for defining the detailed sequence of enzymatic steps leading to mature tRNA, nor have they shed light on the importance of the intervening sequences found in some tRNA genes (7, 8) . But it is clear that novel enzymes must be involved to exclude such nucleotide sequences from the mature tRNA (9) .
The availability of tRNA genes emphasized the need for routine tests of their biological function. In particular, an in vitro transcription system is desirable in which cloned eukaryotic tRNA genes can be easily transcribed. This should help to define the presumptive sites of initiation and termination of transcription and also to make available precursor tRNAs for studies of their enzymatic conversion to mature tRNA. The Xenopus oocyte is a promising system for such studies. DNA injected into the oocyte nucleus can be transcribed in vivo (10, 11) . Cloned Xenopus genes for 5S RNA (12) and for the initiator tRNA (13) have been faithfully transcribed into their mature products in this fashion. Brown and his colleagues (14) have greatly simplified this procedure by their demonstration that cloned Xenopus 5S DNA can be efficiently transcribed in vitro in an extract prepared from germinal vesicles.
In this paper we show that cloned tRNA genes from Drosophila and from yeast can be faithfully transcribed in extracts from Xenopus germinal vesicles. The major products of transcription are tRNA precursors which can be processed to mature tRNA in the germinal vesicle extract.
MATERIALS AND METHODS
DNA. Covalently closed circular DNA of plasmids pCIT12 (6) (16) and purified by twodimensional polyacrylamide gel electrophoresis (17) .
Preparation of Germinal Vesicle Extracts from Xenopus laevis Oocytes. Extracts were prepared as described (14) . Ovarian The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 4820 Biochemistry: Schmidt et al.
mM NaCI/10 mM Tris-HCI, pH 7.8/5 mM EDTA (to a final volume of 0.2 ml) and 50 Aig of Escherichia coli carrier tRNA, the solution was extracted with phenol and the RNA was recovered by repeated ethanol precipitation.
RESULTS
tRNA Genes on pCIT12 and pYM7. Since most of our work was performed with the DNA of plasmid pCIT12, we needed to know which specific tRNA genes were contained on it. This ColEl plasmid, carrying a 9.3*kb piece of Drosophila DNA, was constructed by Davidson and his colleagues (6) . Their initial characterization showed it to contain at least four tRNA genes: Drosophila tRNA hybridized to fragments A, B, D, and G of plasmid DNA digested with Hpa I/EcoRI (see also Fig. 1 ). They also showed that the tRNA genes on DNA fragments B, D, and G are identical and differ from the one located on fragment A.
Since we had purified a dozen different Drosophila tRNA species by conventional chromatographic techniques, we attempted to identify the nature of the tRNA genes coded on pCIT12 by hybridization with these tRNA preparations. Plasmid DNA was digested with Hpa I and EcoRI and the DNA fragments were separated by gel electrophoresis (6) . After denaturation and transfer onto nitrocellulose (19) , they were hybridized to 32P-5'-end-labeled tRNA. The results are shown in Fig. 1 . tRNALYS hybridized to bands B, D, and G, while tRNAArg bound to fragment A. Thus, tRNALYS probably corresponds to Davidson's tRNA-2, 3, and 4, and tRNAArg to tRNA-1 (6) . The assignments agree with results of in situ hybridization to Drosophila salivary gland chromosomes (S. Hayashi, I. C. Gillam, A. Delaney, R. Dunn, G. M. Tener, T. Kaufman, T. Grigliatti, and D. T. Suzuki, unpublished results) which show that tRNAkYS and tRNA rA hybridize to 42A, the region of the Drosophila chromosome 2R to which pCIT12 DNA also hybridizes (6) . tRNAAm also hybridizes to the plasmid DNA fragments B, G, and I and possibly A (Fig. 1 Fig. 3 ). Careful inspection of hybridization filters shows that DNA fragments C, E, and F do not hybridize to these DNAs. nucleotide sequence. In this case the tRNAASn genes on fragment B and fragments G and I might be different, as indicated by the hybridization properties of RNAs 1, 2, and 4. On the other hand, contamination of the tRNA'Sn preparation by a minor unrelated tRNA species may also explain the data. Only further studies will indicate the total number of kinds of tRNA genes on pCIT12.
Plasmid pYM7 contains gene(s) for an unknown S. pombe tRNA, as shown by hybridization of unfractionated S. pombe [32P]tRNA to restriction endonuclease fragments of the plasmid DNA (data not shown).
Use of Xenopus Germinal Vesicle Extract for Transcription of tRNA Genes. Xenopus 5S DNA can be transcribed into mature 5S RNA in extracts prepared from Xenopus germinal vesicles (14) . Therefore we reasoned that this system should also be good for transcribing tRNA genes, since these two classes of low molecular weight RNA are formed by the same enzyme, RNA polymerase III (20) . We decided to use cloned Drosophila and yeast tRNA genes to test this idea.
Plasmid DNA was transcribed and the RNA was analyzed by polyacrylamide gel electrophoresis (Fig. 2) . Several bands were observed in the region of 4-5S RNA (near XCFF). These products appeared to arise from insertion of Drosophila DNA into the plasmid, since virtually no products were formed when the DNA of the parent plasmid ColEl was used as template. DNA of other control plasmids (pBR313 or pMB9) had only little template activity; the transcription products were mostly longer than tRNA (data not shown). A similar experiment with DNA of the yeast plasmid pYM7 gave a strong 4S RNA band (Fig. 2) . However, there was a low level of unspecific transcription products, probably derived from the bacterial plasmid DNA. In an attempt to identify which RNA polymerase was responsible for RNA formation, we included various concentrations of a-amanitin in reactions with pYM7 DNA as template. RNA polymerase II is inhibited by low concentrations of a-amanitin, while high concentrations of this compound are needed to inhibit the action of RNA polymerase III (20) . Low levels of a-amanitin significantly reduced the unspecific transcription, while the synthesis of the 4S RNA product was not diminished (Fig. 2) . This may be taken as an indication that RNA polymerase II transcribed bacterial plasmid DNA. However, at higher a-amanitin concentrations the tRNA gene transcription is virtually abolished (Fig. 2) . Tables 1 and 2 . When compared to the known tRNA sequence, the results indicate that RNA-5 is mature tRNALYs. Like the mature tRNA, its 5'-terminus is pG-C and its 3'-terminal sequence is C-C-AOH. This sequence is probably added by tRNA nucleotidyltransferase (22) , since fragment C-C-AOH is not found in this fingerprint, since it is not labeled by radioactive GTP. It was isolated from an [a-32pJCTP-labeled RNA digest and analyzed as described in Table 2 Fig. 1 ) of the tRNALYS genes of pCIT12 whose sequence was determined does not contain these nucleotides in its DNA sequence (unpublished results). We have ascertained the state of modification of all nucleotides in RNA-5, which, from knowledge of the tRNA sequence, were expected to be modified.* As can be seen from Tables 1 and 2, (20 min) were analyzed by two-dimensional gel electrophoresis (Fig. 3A) , very few RNA molecules of 4S size were observed. Hybridization data indicate that RNA-p3 binds to tRNALYS genes ( Fig.  1) , while RNA-pl appears to be a precursor of tRNAASn (data not shown). The time course of formation of RNA-p7 suggests it to be a precursor to RNA-6 and RNA-7. Fingerprint analysis of RNA-p3 has confirmed its assignment as a tRNA2YS precursor; with exception of the 3'-and 5'-terminal fragments, all oligonucleotides of the mature tRNA are present in addition to some fragments not found in tRNA,2LY RNA-p3 contains no modified Proc. Natl. Acad. Sci. USA 75 (1978) 4823 nucleosides (data not shown). Similar analyses of RNA-1 and RNA-3 (Fig. 3B ) have indicated that they are precursors to RNA-4 and RNA-5.
DISCUSSION
We have demonstrated that eukaryotic tRNA genes cloned in plasmid vectors can be transcribed specifically in extracts from germinal vesicles. This is shown by the fact that the majority of the RNA transcripts synthesized appear to be tRNA precursors or mature tRNA. Inhibition studies with a-amanitin have implicated RNA polymerase III in this process. The enzyme appears to recognize selectively transcription initiation sites of tRNA genes; only on a low level of transcription of DNA regions devoid of tRNA genes was observed. As in any in vitro study, we cannot assess whether accurate transcription initiation has taken place. This will need a careful sequence comparison of initial transcription products formed in vitro and in vivo. However, the observed size of the precursor tRNA-like transcripts suggests that initiation took place at or close to the true site.
How general is this finding? We have evidence (unpublished results in collaboration with J. Abelson) that pBR313 plasmids containing Saccharomyces cerevisiae tRNA genes can be transcribed selectively to yield precursor tRNAs that still contain intervening RNA sequences (9) and also to form dimeric precursor tRNAs. Likewise, tRNA gene transcription was observed in ColEl, pMB9, or pBR322 plasmids containing Drosophila or S. pombe tRNA genes. Therefore it is unlikely that only certain bacterial plasmid DNAs allow the specific transcription of cloned tRNA genes. It is expected that tRNA genes from other organisms, especially of mammalian origin, can also be transcribed by Xenopus germinal vesicle extracts, since very great sequence homology between tRNAs from a large variety of mammalian sources is found (23) .
No definitive conclusions about the presence of processing nucleases or tRNA-modifying enzymes in the germinal vesicle can be drawn from the results that mature tRNALYS was formed in our transcription experiments, albeit without its full complement of modified nucleosides. Contaminating ooplasm adhering to the exterior of the germinal vesicles could have contributed some of these enzymes since extensive washing was not done. On the other hand, we may not have detected all tRNA-modifying enzymes present since we did not use optimal reaction conditions. It may be interesting to see whether, upon supplementation of the germinal vesicle extract with the proper cofactors (e.g., S-adenosylmethionine), additional modified nucleosides are formed or whether these enzymes are missing in the extract.
The ability of the germinal vesicle extracts to transcribe eukaryotic tRNA genes specifically has two obvious implications. It provides a system in which the DNA regions responsible for the initiation and termination of transcription of these genes can be studied. Nucleotide sequence analysis of a specific tRNA gene (isolated by molecular cloning) and of its initial precursor RNA product (produced in short-time incubations in the germinal vesicle extract) should indicate the presumptive promoter and terminator sites for such genes. In vitro chemical modification of these regions in isolated DNA fragments (24) and subsequent tests of such "mutant" DNAs for their transcription efficiency should permit the definitive localization of these sites.
A second area to which these studies will contribute is the detailed investigation of tRNA biosynthesis in eukaryotes. The germinal vesicle transcription system may be used as a tool to produce precursor tRNAs from any cloned eukaryotic tRNA gene; these can be used as substrates in the homologous system to identify and characterize the tRNA processing or modification enzymes. Since in yeast, for instance, many temperature-sensitive mutants are known, some of which may have defects in tRNA processing (25) , the availability of yeast precursor tRNAs will be a valuable tool for characterizing these mutants.
The faithful transcription of tRNA genes altered genetically or chemically in regions corresponding to the mature tRNA sequence could provide mutant precursor tRNAs or tRNA whose effect on the processing and modification enzymes could be examined and whose biological activity (e.g., suppressor tRNAs) could be tested in protein-synthesizing systems in vitro.
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